Infection by human immunodeficiency virus type I requires the fusogenic activity of gp41, the transmembrane subunit of the viral envelope protein. Crystallographic studies have revealed that fusion-active gp41 is a "trimer-of-hairpins" in which three central N-terminal helices form a trimeric coiled coil surrounded by three antiparallel C-terminal helices. This structure is stabilized primarily by hydrophobic, interhelical interactions, and several critical contacts are made between residues that form a deep cavity in the N-terminal trimer and the C-helix residues that pack into this cavity. In addition, the trimer-of-hairpins structure has an extensive network of hydrogen bonds within a conserved glutamine-rich layer of poorly understood function. Formation of the trimer-of-hairpins structure is thought to directly force the viral and target membranes together, resulting in membrane fusion and viral entry. We test this hypothesis by constructing four series of gp41 mutants with disrupted interactions between the N-and C-helices. Notably, in the three series containing mutations within the cavity, gp41 activity correlates well with the stability of the N-C interhelical interaction. In contrast, a fourth series of mutants involving the glutamine layer residue Gln-653 show fusion defects even though the stability of the hairpin is close to wild-type. These results provide evidence that gp41 hairpin stability is critical for mediating fusion and suggest a novel role for the glutamine layer in gp41 function.
Structural analyses of the transmembrane subunits of several viral envelope proteins (Env) 1 have provided much insight into the mechanism of Env-mediated membrane fusion. Remarkably, the putative fusion-active structures of these proteins from retroviruses (e.g. HIV, simian immunodeficiency virus, and Moloney murine leukemia virus), orthomyxoviruses (influenza), paramyxoviruses (simian virus type 5 and human respiratory syncytial virus), filoviruses (Ebola), and coronaviruses (severe acute respiratory syndrome-associated coronavirus) (1, 2) all reveal the same six-helix bundle conformation. This six-helix structure can also be described as a trimer-ofhairpins in which each hairpin consists of an N-terminal helix (N-helix) packed against an antiparallel C-terminal helix (Chelix). Three central N-helices form a coiled coil surface with three prominent hydrophobic grooves that each allow C-helix binding (3) (4) (5) (6) . Thus, the trimer-of-hairpins structure is largely stabilized by hydrophobic packing between the three internal N-helices and between the N-and C-helices ( Fig. 1, A and B) . This fusion-active configuration juxtaposes the amino terminus of gp41, which contains a fusion peptide inserted into the target cell membrane, with the carboxyl terminus, which contains the transmembrane anchor in the viral membrane. The current model for membrane fusion proposes that formation of the hairpin structure provides the energy necessary for viral and cellular membrane apposition, leading to membrane fusion (1, 3, 6) .
There are two prominent features of the trimer-of-hairpins structure in HIV and simian immunodeficiency virus gp41. First, three symmetric hydrophobic cavities on the surface of the N-helix coiled coil each forms a docking site for three residues from a C-helix. Notably, small peptides or synthetic molecules targeted to these cavities prevent trimer-of-hairpins formation and inhibit fusion (7, 8) ; the efficacy of these molecules underscores the critical role of interhelical interactions within the cavity in gp41 function. Second, a planar cluster of conserved glutamine and asparagine residues, from both the Nand C-helices, form a hydrogen-bonded layer within the sixhelix bundle (5, 6, 9) . Though a novel structural feature, the function of this "glutamine layer" remains unclear (6, 9) ; indeed, none of the reported mutations in this region reduce gp41 activity. In fact, such substitutions can increase gp41 core stability (10 -12) and, in the unusual case of a Gln-652 to leucine mutation (Q652L), appear to increase fusogenicity (13) .
Several mutational and biophysical analyses of gp41 support the hypothesis that hairpin formation provides the driving force for membrane fusion. For example, the N-helix residues Leu-565, Leu-568, and Val-570, located on the cavity surface, form hydrophobic contacts with C-helices as determined by x-ray crystallography. Alanine mutations at these positions decrease six-helix bundle stability and reduce envelope-mediated fusion (12) (13) (14) (15) (16) . These mutations are notable, because they likely represent a specific defect in the fusion pathway, unlike some N-and C-helix mutants that fail to correctly process the gp160 precursor into gp120 (the receptor binding subunit) and gp41 (11, 12, 16) . Although these studies support a role for hairpin formation in membrane fusion, a systematic analysis of the correlation between hairpin stability and gp41 activity would provide a more rigorous test of the model.
In this study we seek to identify the energetic contribution of the N-C helical interaction to the fusion reaction. We made a series of substitutions at each of four positions in the N-C helical interface. We report that for mutations within the Nhelix cavity, the fusion activity of gp41 depends on the stability of the N-C interface. In contrast, for the series of substitutions in the glutamine layer, we find that gp41 activity is abolished even in the presence of stable N-C interactions, thereby providing evidence for an important role for the glutamine layer in gp41-mediated fusion.
MATERIALS AND METHODS
Plasmid Construction and Mutagenesis-Env mutations were made using QuikChange site-directed mutagenesis (Stratagene) of pBS-SKII containing HXB2 gp160 (pBS-SKII-gp160) and verified by DNA sequencing. For expression in 293T cells, all mutations were subcloned into pcDNA1.1/Amp (Invitrogen). For generation of stable cell lines, the mutations were subcloned into the pB-IRES-CD2 retroviral vector (gift from Jonathan Bogan, Whitehead Institute, Cambridge MA).
For expression of recombinant proteins, mutations were cloned into the pAED4 vector (4) . Mutant N34 and wild-type C28 fragments were PCR-amplified from pBS-SKII-gp160 using the primers 5Ј-GCAATTC-CATATGTCTGGTATAGTGCAGCAG-3Ј (N34 forward) and 5Ј-ACCGC-GACCACCGCTTCTTGCTTGGAGCTGCTTG-3Ј (L6N34 reverse) for the N34 fragment and 5Ј-GGTGGTCGCGGTGGTTGGATGGAGTGG-GACAGAG-3Ј (L6C28 forward) and 5Ј-GGAATTCCTAGTGATGAT-GATGATGATGCTTTTCTTGCTGGTTTTGC-3Ј (C28-HIS reverse) for the C28 fragment. These primers introduce a six-residue linker (SerGly-Gly-Arg-Gly-Gly) between N34 and C28 and a hexahistidine tag (HIS) 3Ј of C28. For mutant C28 fragments, C28-HIS reverse primers encoding the mutations were used. The N and C fragments were joined by overlap PCR with primers N34 forward and C28-HIS reverse and subcloned into pAED4.
Protein Expression and Purification-Bacterial cultures expressing N34(L6)C28-HIS variants were induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside for 3-4 h. Cell pellets were resuspended in lysis buffer (50 mM Tris (pH 8), 15% glycerol, and 300 mM NaCl) containing 10 M MgCl 2 , 1 M MnCl 2 , and 100 g/ml DNase I, lysed by sonication, and centrifuged (27,000 ϫ g for 30 min) to separate the soluble and inclusion body fractions. The pellet was washed again in lysis buffer, and supernatants from both washes were pooled. With the exception of the glycine mutants, all peptides were present in the soluble fraction and affinity-purified using nickel-nitrilotriacetic acid (Qiagen, Inc.). For the glycine mutants, inclusion body pellets were solubilized in lysis buffer containing 6 M guanidine-HCl before purification using nickelnitrilotriacetic acid beads. Peptide-containing fractions were dialyzed into 5% acetic acid, purified to Ͼ95% purity over a preparative C5 column by reverse-phase high performance liquid chromatography, and lyophilized.
Circular Dichroism (CD) Spectroscopy-Lyophilized peptide was dissolved in water, and concentrations were determined by absorbance at 280 nm in 6 M guanidine-HCl (17) . Peptides were then diluted to 10 M in PBS (50 mM sodium phosphate and 150 mM sodium chloride (pH 7)). CD spectra were obtained on an AVIV 62DS CD spectrometer. To determine helical content, a value of Ϫ33,000 degree cm 2 dmol Ϫ1 was used for theoretical 100% helicity (12) . Thermal denaturation scans were performed on 10 M peptide samples in PBS. The midpoint of the thermal unfolding transition (T m ) was calculated as the maximum value of the first derivative of the molar ellipticity at 222 nm ([] 222 ) with respect to temperature. Consistent with previous reports for N34(L6)C28 (10, 11) , thermal denaturation of these recombinant peptides was cooperative but not reversible.
Sedimentation Equilibrium-All measurements were recorded on a Beckman XL-I analytical ultracentrifuge with a Ti-60a rotor. Wild-type N34(L6)C28-HIS was dialyzed overnight in PBS or sodium acetate buffer (50 mM sodium acetate and 150 mM NaCl (pH 5.5)), and diluted to 5, 10, and 30 M. Samples dialyzed in PBS formed some precipitate, whereas samples in sodium acetate remained fully soluble. Data were collected at 20°C with rotor speeds of 20, 30, and 42 krpm and wavelengths of 229 and 280 nm. Data sets were fitted simultaneously with WinNonlin (version 1.06) (18) . No systematic residuals were observed, and both samples fit well to a single species model.
Because wild-type N34(L6)C28-HIS formed stable trimers in both buffers and remained fully soluble after overnight dialysis at low pH, mutant peptides were analyzed in the sodium acetate buffer. All N34(L6)C28-HIS variants except L565G fit best to a single species model, showed no systematic residuals, and had molecular weights within 10% of those calculated for an ideal trimer. The L565G peptide was predominantly trimeric in solution, but the data fit slightly better as a monomer-trimer equilibrium containing 80% trimers.
Envelope Glycoprotein Expression and Western Blot Analysis-Mutant envelope glycoproteins were expressed in 293T cells by transient transfection for expression analysis and cell-cell fusion assays. 293T cells were plated in gelatin-coated 12-well plates. At ϳ30 -50% confluency, cells were transfected with 800 ng of pcDNA-gp160 expressing mutant gp160 and 400 ng of pnGFP (a plasmid expressing nuclear green fluorescent protein) using Lipofectamine 2000 (Invitrogen). Transfection efficiency was assessed by green fluorescent protein fluorescence and was similar for all mutants (ϳ30 -50%).
Envelope expression was measured by Western blot analysis. gp41 and gp160 from cell lysates were analyzed with an anti-gp41 monoclonal antibody, Chessie 8 (National Institutes of Health AIDS Research and Reference Reagent Program). Shed gp120 was immunoprecipitated from the culture supernatant using an anti-gp120 polyclonal antibody (gift of Peter Kim, Merck Research Laboratories, West Point PA), and protein-A-Sepharose beads (Sigma). To determine cell surface expression levels of Env, transfected cells were washed with cold PBS (pH 8.0) and biotinylated using 5 mM sulfosuccinimidyl-6-(biotinamido)hexanoate (Pierce) in PBS for 30 min at 4°C. After washing with PBS containing 100 mM glycine to remove excess biotin, cells were lysed in PBS containing 1% Nonidet P-40 (Sigma). Biotinylated surface proteins were precipitated using immobilized NeutrAvidin (Pierce) and separated by SDS-PAGE.
Stable cell lines expressing the alanine mutants were made using retroviral transduction of NIH3T3 cells. To generate retrovirus, 293T cells were plated on gelatin-coated 60-mm plates and transfected with pBI-CD2-gp160 encoding mutant gp160 and a Moloney murine leukemia virus packaging vector, pCLeco (gift from C. Lois, Massachusetts Institute of Technology). A 1:2 dilution of viral supernatant was used to infect NIH3T3 cells in the presence of 4 g/ml polybrene. After several passages, the infected NIH3T3 cell lines were used for dye transfer assays.
Cell-Cell Fusion Assay-Forty-eight hours after transient transfection, 293T cell monolayers were resuspended and counted. A mixture of 4 ϫ 10 4 envelope-expressing 293T cells and 4 ϫ 10 4 target cells, 3T3-T4-CXCR4 (National Institutes of Health AIDS Research and Reference Reagent Program), was plated in duplicate into gelatin-coated, eight-well slides and incubated for 21 h at 37°C. After fixation and hematoxylin staining, the number of syncytia per well was counted under phase microscopy. Cells containing three or more nuclei were scored as syncytia.
Dye Transfer Fusion Assay-3T3 cells stably expressing gp41 mutations were plated at a density of 1 ϫ 10 6 cells per 60-mm dish. Eight hours later, cell monolayers were incubated with 420 nM calcein-AM (Molecular Probes) in PBS for 10 min at 37°C and gently washed twice with PBS before the addition of labeled target cells. Target cells, 3T3-T4-CXCR4, were labeled with the lipid dye octadecyl rhodamine B (R18) (Molecular Probes). 2 ϫ 10 6 target cells were washed in PBS, incubated in PBS containing 2 M R18 for 15 min at room temperature in the dark, and washed twice in PBS before resuspension in growth media. Approximately 4 ϫ 10 5 target cells were added to envelope-expressing monolayers, and dishes were immediately incubated at 37°C. Cells were examined for dye transfer every 20 -30 min by counting the number of co-labeled cells in five separate fields at 200ϫ magnification.
RESULTS

Design of Four Allelic Series-Residues
Leu-565, Leu-568, and Val-570 are located on the surface of the N-terminal coiled coil within a large cavity and interact with the internal face of the C-helix (Fig. 1, A and B) . In previous studies, mutation of these residues to alanine reduced fusion but did not affect gp160 processing or gp120-gp41 association (12) (13) (14) (15) , suggesting a specific defect in the fusion pathway. To obtain a range of gp41 core stabilities, each position was mutated to glycine, alanine, and phenylalanine. We chose glycine for its helixdestabilizing properties (19) , alanine for its reduced hydrophobic bulk, and phenylalanine for its increased bulk over the native leucine or valine residue.
The polar contacts within the glutamine layer were disrupted by mutagenesis of Gln-653 (Fig. 1C) . This residue is buried in the interhelical interface and forms hydrogen bonds with neighboring helices in the core crystal structure (6, 20) . Furthermore, it is highly conserved; only two of 630 viruses in the Los Alamos HIV sequence data base show mutations at this position (www.hiv.lanl.gov). The Q653A and Q653L substitu-tions were designed to abolish polar contacts with neighboring glutamine residues, whereas the Q653E substitution retains bulk and polarity.
Biophysical Analysis of Recombinant gp41 Core Structures-We used a recombinant peptide model to measure the biophysical properties of mutant gp41 cores. This gp41 core peptide, termed N34(L6)C28-HIS, contains N-and C-terminal helices that are joined by a six residue linker (Fig. 1A) . It is similar to the previously described N34(L6)C28 peptide (21) but contains a C-terminal HIS tag to facilitate purification. Circular dichroism indicates that the molecule is Ͼ90% helical and thermostable, with a T m of 74°C. In addition, it forms a discretely trimeric species as determined by sedimentation equilibrium (Fig. 2 and Table I ). When compared with published data for N34(L6)C28, N34(L6)C28-HIS has a 4°C higher melting temperature. We speculate that addition of the Cterminal tag promotes stability by attenuating the helix dipole moment or by reducing fraying of the helical ends (19, 22) .
For the three mutant series involving the N-helix, biophysical analysis indicated that we successfully generated a wide range of stabilities in the gp41 core (Table I) . In each position, all mutants are less stable than wild-type, with the relative order Gly Ͻ Ala Ͻ Phe Ͻ wild-type. At position 568 the phenylalanine mutant (T m of 61°C) is only slightly more stable than the alanine mutant (T m of 60°C). The low stability of the L568F variant may be caused by local distortion to accommodate the large aromatic ring. All mutants are highly helical, and, with the exception of L565G (see "Materials and Methods"), the least thermostable variant in this study, all form clean trimers as evidenced by sedimentation equilibrium analysis (Table I) .
Interestingly, mutations at Gln-653 do not appreciably destabilize the six-helix bundle structure. The Q653A, Q653L, and Q653E mutants have T m values close to that of wild-type and form stable trimers (Table I) . Thus, in contrast to the effects observed with the cavity mutations, altering the native interhelical interaction within the glutamine layer does not substantially affect gp41 core stability.
Expression and Processing of gp41 Variants-We examined the expression and processing of envelope mutants after transient transfection of mutant constructs into 293T cells. Transfection efficiency, assessed by co-transfection of a green fluorescent protein expression vector, was similar for all Env proteins. 2 Western blot analysis of the cell lysates with an anti-gp41 monoclonal antibody reveals that all gp41 mutants, except L565A, are expressed and processed at levels similar to that of wild-type (Fig. 3, A and B) . These results are quantitated by gel densitometry in Table II and are consistently similar to wild-type levels (80 -120%). L565A gp41 is expressed at 60% of wild-type. The levels of cell surface Env were quantitated by surface biotinylation and precipitation using avidinconjugated beads. Expression levels of mutant gp160 and gp41 on the cell surface were similar to that of wild-type (data not shown), and the ratio of surface gp41 to gp160 confirmed that proteolytic processing of the Env precursor was normal for all mutants (Table II) .
Under normal conditions, the noncovalent interaction between gp120 and gp41 is labile, and a portion of gp120 is shed from the surface of virions or Env-expressing cells. Some mu-2 T. R. Suntoke and D. Chan, unpublished data.
FIG. 1. Structure of the HIV-1 gp41 core. A, a schematic diagram of HIV-1 HXB2 gp41. Important functional domains include the fusion peptide (FP), N-and C-terminal heptad repeats (N-HR and C-HR), transmembrane domain (TM)
, and the cytoplasmic tail (cyto). The sequence of the recombinant peptide N34(L6)C28-HIS containing the N-terminal heptad repeat residues 546 -579, a six residue linker, C-terminal heptad repeat residues 628 -655, and a C-terminal hexahistidine tag is shown below. Residues are numbered according to their positions in HXB2 gp160. Dots below specific amino acids indicate residues that are mutated in this study, and highlighted glutamine and asparagine residues denote amino acids within the glutamine layer. B, helical wheel representation of N34 and C28. Residues at the a and d positions of the N-helices interact to form the interior of the trimeric coiled coil. C-terminal helices pack against the grooves between adjacent N-terminal helices. N-HR residues that are mutated in this study are highlighted in green. C, the glutamine layer of HIV-1 gp41. A cross-section of the gp41 core reveals glutamine and asparagine residues from both the N-terminal and C-terminal heptad repeat domains that form an interconnected polar layer. The C-helix residue Gln-653 protrudes toward the center of the six-helix bundle and is intimately involved in the polar network. Crystallographic studies suggest that this side chain in both HIV and the simian immunodeficiency virus forms hydrogen bonds with the backbone and a glutamine residue on adjacent N-helices (6, 20) . These putative hydrogen bonds are shown as dashed lines. Residues in panels B and C are denoted using single letter amino acid abbreviations with position numbers. tations in gp41 affect its association with gp120, leading to the increased release of gp120 into the culture supernatant. Immunoprecipitation of gp120 from the culture medium followed by Western blot analysis shows that steady-state levels of shed gp120 are similar for wild-type and all mutants (Fig. 3 and Table II ). These results further indicate that mutations at positions 565, 568, 570, and 653 in gp41 do not affect the native conformation of the envelope glycoprotein.
Fusogenic Potential of Mutant Envelope Glycoproteins-The gp41 mutants were tested for membrane fusion activity with syncytia assays. For the N-helix mutants, there is good correlation between thermostability of the gp41 core and fusion activity (Table II) . The glycine mutants, which are the least stable, have barely detectable levels of fusion. As the stabilities of the mutants increase, there is a simultaneous increase in fusion activity. This trend becomes clear when the fusion activity of the mutants is plotted as a function of gp41 stability (Fig. 4) . This plot also reveals that the V570A mutant has unusually low fusion activity. V570A has intermediate stability (T m of 62°C) that is comparable with that of L565F, L568A, and L568F; however, unlike these three mutants, it is severely deficient in cell fusion activity. The reason for this anomaly remains to be determined. Our results agree with and extend previously published data for alanine mutants at positions 565, 568, and 570 (12, 14 -16) , which suggest a similar correlation between fusion and core stability.
The Gln-653 mutants provide a striking exception to this correlation. Despite its highly stable core structure, the Q653E substitution caused a 32% decrease in gp41 fusion activity compared with wild-type. A more severe mutation, Q653L, which abolishes polarity, further decreased gp41 function (55% of wild-type), whereas removal of both polarity and bulk with the Q653A mutation almost completely abrogated fusion. These results provide the first evidence that disruption of polar contacts within the gp41 glutamine layer decreases envelopemediated fusion. The low fusogenicity of these 653 mutants, despite their extremely thermostable core structures, implicates the glutamine layer in a novel role in gp41 function.
Fusion Kinetics of Alanine Mutants-In gp41-mediated fusion there is a significant lag time after mixing cells before the first fusion events are observed (23) . This delay is thought to reflect the slow conformational changes that occur in the envelope protein during the fusion process. Our N-helix mutants likely show fusion defects because weakened N-C helical interactions reduce the efficiency of membrane apposition. Alternatively, it is possible that attenuated N-C helical interactions also cause a delay in membrane apposition, resulting in a kinetic defect. In this scenario, Env molecules would display kinetics of fusion slower than that of wild-type, leading to a delay in the onset of initial fusion events.
To test this possibility, the L565A, L568A, and V570A mutants were analyzed further. The alanine mutants were chosen because they display low but detectable levels of fusion. The kinetics of fusion at early time points was analyzed using 3T3 cell lines stably expressing L565A, L568A, and V570A mutant envelope glycoproteins. The alanine mutants displayed levels of expression and processing similar to wild-type and fusion phenotypes analogous to those seen with transient transfections (4% for L565A, 17% for L568A, and 2% for V570A).
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FIG. 2. Biophysical properties of N34(L6)C28-HIS.
A, the CD spectra of N34(L6)C28-HIS (10 M) in PBS at 0°C. B, thermal dependence of the CD signal at 222 nm for a 10 M peptide sample in PBS. C, representative sedimentation equilibrium data for N34(L6)C28-HIS (10 M) in sodium acetate buffer collected at 20 krpm and 20°C. The deviation of the data from the trimer model is plotted in the top section. The bottom section shows the data and a line representing the fit using an ideal single species model. labeling of envelope-expressing cells with a cytosolic marker, calcein-AM, and target cells with a lipid marker, R18, allowed initial fusion events to be detected as dual-labeled cells. For each cell line, fusion was monitored approximately every 25 min. Fig. 5 shows the fusion progression of the alanine mutants at early time points after the co-incubation of effector and target cells. A small number of dye transfer events was initially detected for wild-type gp41 between 15 and 30 min post-mixing, followed by a dramatic increase starting at 80 min. These results correspond well with reported fusion kinetics experiments in which initial fusion events are detected after time lag, followed by rapid acceleration (Ref. 23 and references therein). With the alanine mutants it is difficult to reliably measure the onset of initial fusion events due to the low efficiency of fusion. Nevertheless, the acceleration phase for all the alanine mutants occurs between 80 and 100 min, indicating that the early kinetics for wild-type and mutant cell lines are similar.
DISCUSSION
Structural studies of the HIV-1 envelope protein suggest an elegant mechanism through which gp41 mediates apposition of viral and target cell membranes: the interaction of N-and C-helices to form the six-helix bundle forces the target cell membrane (containing the inserted fusion peptide) close to the viral membrane (containing the gp41 transmembrane segment). If this model is correct, the efficiency of gp41-mediated membrane fusion should depend on the strength of the N-C interhelical interaction. Indeed, with three sets of N-helix mutants we observe a strong correlation between trimer-of-hairpins stability and membrane fusion (Fig. 4) . Fusion activities decrease rapidly with decreased stability, and all mutants with a T m of 57°C or lower lack significant activity, suggesting that there may be a threshold stability necessary to mediate membrane apposition. To further test this model, it will be important to develop experimental systems to directly measure the free energy change during the transition of gp41 from its native conformation to its fusogenic conformation.
Our fourth mutant series at C-helix position 653 shows markedly different results and suggests a significant role of the glutamine layer in gp41 function. Substitutions at position 653 do not significantly destabilize the hairpin but nevertheless reduce gp41-mediated membrane fusion (Tables I  and II) . Although the unusual structural features of the glutamine layer were noted in earlier structural studies (5, 6, 9) , this is the first evidence of a functional role for this domain in membrane fusion.
The basis for the glutamine layer requirement remains to be elucidated. Previous mutations in this region have not supported an essential role for this region in membrane fusion a Relative Env expression was quantitated by densitometry. Cellular expression levels of gp160 or gp41 normalized to the amount of total protein in the lysate (␤-actin) are shown.
b Env precursor processing is measured from cell surface proteins isolated by surface biotinylation and avidin precipitation. The reported number is the ratio (mutant gp41/mutant gp160)/(wt gp41/wt gp160), where wt stands for wild-type.
c The amount of shed gp120 (sgp120) is measured as the ratio (mutant sgp120/mutant cellular gp41)/(wt sgp120/wt cellular gp41), where wt stands for wild-type.
d To monitor cell-cell fusion activity, Env-expressing 293T cells were co-cultured with 3T3-T4-CXCR4 target cells for 21 hours at 37°C. Following fixation and staining, fusion events were determined microscopically. Experiments were repeated in duplicate at least twice. The percentage of wild-type fusion in a representative fusion assay is shown. Numbers in parenthesis indicate S.D. The percent of fusion for cells transfected with a control vector lacking Env is 1.4 Ϯ 0.7.
(10 -13). Interestingly, in the N-helix, residues contributing to the glutamine layer are part of a small region implicated in resistance to the potent viral entry inhibitor enfuvirtide (reviewed in Ref. 24) (25) . Viruses containing such mutations have reduced replicative fitness in vitro and revert back to wild-type in the absence of inhibitor (25, 26) . In addition, SNARE helical bundles involved in intracellular vesicle fusion appear to have a similar ionic layer, which may be important for efficient recycling of SNARE complexes (27) .
Numerous studies using designed coiled coils suggest that buried polar residues can play important roles in interhelical interactions. For instance, a buried glutamine can decrease the strength of interaction between helices (28). In addition, a buried polar residue at the interface of a short dimeric coiled coil can influence the orientation of the dimer, facilitating reversibility of assembly (29) ; this destabilization could permit the exchange of binding partners and may be biologically relevant. Although our Gln-653 mutations do not significantly change the stability or the oligomeric state of the gp41 core, it remains to be determined whether they have more subtle effects on gp41 protein structure. 
